The aim of this investigation was to perform an extensive screening using HPLC and I3C-NMR spectroscopy to disclose the spectrum of osmolytes produced by aerobic heterotrophic and anoxygenic phototrophic eubacteria. The most predominant solutes detected within a wide range of marine and halophilic micro-organisms were two recently discovered tetrahydropyrimidines ectoine and hydroxyectoine, which were synthesized in response to osmotic stress.
Introduction
Halophilic and halotolerant micro-organisms can be isolated from various saline biotops such as marine sediments, solar salterns, salt lakes and salt mines (Truper & Galinski, 1986) . Even organisms from habitats of high water activity (fresh water) occasionally exhibit surprisingly high levels of osmotic tolerance (Kanemasa et al., 1972; Komaratat & Kates, 1975) . A variety of possible applications of these organisms including food processing microbiology, waste water treatment, production of commercially useful compounds like PHB, enzymes, antibiotics, polyols and amino acids and, most recently, as a source for enzyme protectants have been demonstrated (for reviews, see Austin, 1989; Okami, 1986; Ben-Amotz & Avron, 1983; Staley & Stanley, 1986; Galinski & Tindall, 1991) .
Halophilic and halotolerant micro-organisms are distributed among several phylogenetic taxa and two different strategies to reduce intracellular water activity have been evolved. Archaeobacteria and anaerobic heterotrophic eubacteria accumulate inorganic ions such as K+, Na+, Cl- (Oren, 1985; Rengpipat et al., 1988) , except for the methanogens where recent investigations have demonstrated the occurrence of new organic solutes (Robertson et al., 1990a, b ; Lai et al., 1991) . The other groups of halophiles including phototrophic and aerobic chemoheterotrophic eubacteria, yeasts, algae and fungi mainly accumulate organic compounds termed cam-* Author for correspondence. Tel. 0228 733799; fax 0228 737576.
0001-7401 0 1992 SGM patible solutes (Brown, 1976) . Polyols were reported from eukaryotic algae and fungi (Avron, 1986; Wegmann, 1986; Jovall et al., 1990; Van Eck et al., 1989) . Glycine betaine and sugars including sugar derivatives were predominantly found in phototrophic eubacteria (Galinski & Truper, 1982; Mackay et al., 1984) . The accumulation of glycine betaine originally reported from aerobic heterotrophic eubacteria (Imhoff & RodriguezValera, 1984) was subsequently shown to result from growth media supplements (yeast extract) containing glycine betaine and/or suitable precursors (Wohlfarth et al., 1990) .
Investigations into the de nouo synthesis of compatible solutes have so far concentrated on non-halophilic bacteria like Escherichia coli and Rhizobium meliloti (Larsen et af., 1987; Smith & Smith, 1989) , where the accumulation of glutamate and trehalose were observed, whilst proline and betaine were only used as osmotica when supplemented in the media (Grothe et al., 1986; Le Rudulier & Bernard, 1986 ; Smith et a/., 1988). Biosynthesis of proline under osmotic stress has only been reported for some halotolerant Bacillus species (Tempest et al., 1970; Whatmore et al., 1990) . All other investigations into the osmoregulation of halophilic aerobic heterotrophic eubacteria except for the Halomonadaceae (Wohlfarth et al., 1990) have so far failed to detect sufficiently high concentrations of osmolytes (organic and inorganic). This apparent lack of solutes stimulated us to look for so far undetected natural substances using 13C-NMR spectroscopy and HPLC. To assess the variety of compatible solutes in nature we have conducted a complete survey on nearly all halophilic strains of . (Galinski, 1986) are also included owing to the close Strains were usually grown both on complex and relationship of anoxygenic phototrophic and heterotrosynthetic media to distinguish between de novo synthesis phic eubacteria (Woese, 1987; Truper et al., 1991) .
Methods
The organisms from strain collections used in our study are listed in Tables 1 and 2 . Heterotrophs, with the exception of Halomonadaceae (Wohlfarth et al., 1990) , were grown in medium K 10 or G 10. Complex medium K10 consisted of (g 1-I): NaCl (90), artificial sea salt (lo), yeast extract (Oxoid) (7-5) and caseine hydrolysate (Oxoid) (7.5). Glucose-mineral medium G 10 consisted of (g 1-l): NaCl(90), artificial sea salt (10; DSM, Catalogue of strains 1989, Medium 79), NHICl (2.0), K H 2 P 0 4 (0.5), FeSO,. 7 H 2 0 (0-Ol), glucose (10.0), yeast extract (0.1) and vitamin solution VA (1 ml l-l; Imhoff & Truper, 1977) . Glucose and phosphate solutions were autoclaved separately, the vitamin solution was sterilized by filtration. Betaine medium B 10 differed from G10 by the exchange of glucose with glycine betaine (10 g). For shaking cultures these media were buffered with 50 mMTris/HCl (pH 7.5).
Media for phototrophic Ectothiorhodospiraceae are described by Galinski & Truper (1982) Galinski & Herzog (1990) .
Samples for the isolation of halophilic aerobic eubacteria were taken from various saline environments. These sampling sites included : Agadir, Morocco (brackish and coastal waters); Ile dOleron, France (coastal water and sediment); Island of Kos, Greece (solar saltern); Schott el Dscherid, Tunisia (athalassohaline salt lake); Alicante, Spain (solar saltern, water, sediments and hypersaline soils); Bad Aussee, Austria (salt mine waters); and Bad Salzufflen, Germany ('Gradierwerk', waters and crusts).
To assess the natural distribution of halophilic eubacteria capable of de nouo synthesis of compatible solutes, growth media with defined Table 2 . HPLC quant$cation of osmolytes from strains synthesizing ectoines
The strains were grown in rotary flasks at a salinity of 10% salts and 30 "C. The solute content is quantified in terms of pmol or pg (mg dry wt)-' and was found to range between 0.6 and 1.3 pmol (mg dry wt)-I, thus accounting for 10-20% of the cellular dry weight. Growth rates on G10 medium were determined to select effective producer strains for both ectoines. The use of glycine betaine as osmolyte, carbon and energy source is common in some halophilic eubacteria as indicated in the corresponding column. + / -, Growth/no growth detected.
UnGrowth
Betaine Ectoine ectoine Alanine Trehalose Glucose peak betaine area pmol I % as sole Organism Medium pmol (mg dry wt)-' t Glucose is not a suitable substrate; however, when grown on MEI-glycerol media (Fendrich, 1988) ectoines are the predominant solutes.
carbon sources were used for the screening procedure. Our isolation media contained varying and constitutive ingredients. The basal medium consisted of (g 1-l): NH4Cl (2.0), K,HPO, (0.5), FeSO,. 7H20 (0-Ol), NaBr (0-l), KC1(2-0), Tris (6.0) titrated with HCI to pH 7.2. The total salinity ranged from 10 up to 25%. The concentration of MgS04.7H20 varied between 0.1 and 20 g, that of
CaCl, . 2H20 between 0 and 5.0 g. For synthetic mineral media the following compounds were chosen as carbon sources : glucose, trehalose, glycerol, malate, glutamate, glycine betaine, acetate, aspartate, cellulose and starch. Some of the media were supplemented with yeast extract (0.1 g 1-I). Samples were cooled, stored and subsequently plated on saline agar plates (10-20%, w/v, NaCl) and incubated at various temperatures (25-40 "C). Organisms forming colonies in less than one week were isolated, morphologically characterized and further investigated. Further methods (culture conditions, cell harvest, HPLC analysis of compatible solutes and NMR spectroscopy) were the same as described previously (Wohlfarth et al., 1990) . As a simplification of the sample preparation procedure for HPLC described previously (Galinski & Herzog, 1990) , we extracted 30 mg freeze-dried cell material by rapid shaking with 1 ml CHC13/H20 (1 : 1, v/v).
NMR measurements were performed on a Bruker WP 90 and a Varian XL 300 unit using D 2 0 as a lock signal and trimethylsilylpropionic acid sodium salt (TMSP) as internal standard.
Results

Screening for heterotrophic halophilic eubacteria and their osmolytes
We isolated approximately 450 cultures from the specified saline habitats. Only those isolates forming colonies within one week were chosen for further studies. The isolates were superficially characterized by morphological features such as colony form and colour, cell shape and motility. Gram-negative rods constituted 55 % of the isolates, 15% were spore-forming rods, 10% cocci, 10% vibrio-shaped organisms, 5 % halobacteria, 4% actinomycetes, 1 % spirilla and 2% of irregular shape. Most actinomycetes were isolated on starch and cellulose media, while spirilla were only found on media containing glutamate as the carbon source.
Of those strains displaying similar characteristics, representatives were selected randomly for cultivation in liquid media. Approximately 10% of the strains that grew well on agar plates could not be cultivated in liquid media. Finally, cell material derived from 150 strains was subjected to HPLC determination of compatible solutes. With only a few exceptions, HPLC analysis revealed the presence of organic molecules. In about 90 % of the investigated strains, refractive index monitoring revealed a predominant compound with a retention time identical to ectoine (Fig. 1 ) originally characterized in a phototrophic eubacterium (Galinski et a!., 1985) and subsequently described in some heterotrophic eubacteria Regev et al., 1990) . In a number of strains an additional characteristic component was detected that showed identical retention times to hydroxyectoine (Fig. 1) . In some cocci species hydroxyectoine reached high concentrations and served as the dominant compatible solute. This compound (formerly named Y) has been previously reported and characterized from a halotolerant actinomycete A5-1 (Nocardiopsis sp. ; Galinski, 1987) , a non-halophilic streptomycete (Inbar & Lapidot, 1988) and from salt stressed Halomonadaceae (Wohlfarth et al., 1990) . The structural formula (Fig. 1) shows that the ectoines differ by a hydroxyl-group in position 3 of the pyrimidine-ring. The steric conformation of the amino and hydroxyl substituents positioned at the two chiral carbon atoms is of the erythro type (E. A. Galinski, unpublished results) .
A similar picture emerged from the analysis of halophilic eubacterial organisms obtained from culture collections. Those strains capable of growth on synthetic media were -without exception -producers of organic osmolytes. Among those osmolytes, compounds coeluting with HPLC standards of ectoine and hydroxyectoine were predominant.
To verify our hypothesis that ectoine and hydroxyectoine are the predominant compatible solutes, NMR analyses were necessary. NMR also enabled us to identify solutes of minor concentrations, as well as charged compounds like glutamate that are not detectable by our HPLC system. Strains containing neither ectoine nor hydroxyectoine are subjects of current investigations. Fig. 2 gives three examples of 13C-NMR spectra from c hemohe terotrop hic Proteobacteria grown on saline media. Clearly ectoine is the predominant solute in all cases, a situation which seems to be representative for the vast majority of halophilic/halotolerant Gramnegative chemoheterotrophs, presently available in culture collections. Similarly, our extensive screening revealed that nearly all Gram-negative aerobic halotolerant isolates were ectoine producers. troph (growth optimum 20-25 % NaCl) which synthesizes glycine betaine as the major compatible solute. Ectoine and trehalose are minor components, present only under certain growth conditions. The moderately halophilic/halotolerant Rhodobacter sulJidophilus relies
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trehalose and sucrose as their principle solutes. Furthermore, the novel compound N-acetyl-glutaminylglutamine amide (Smith & Smith, 1989 ) is also present in both organisms in minor amounts (E. A. Galinski, unpublished results) . Four spectra of Firrnicutes showing greater variability are given in Fig. 4 . These spectra are distinguished by the on ectoine as its major osmolyte and minor amounts of glycosylglycerin. Rhodopseudomonas marina and Chromatium purpuraturn, two species of only limited salt tolerance (up to 7.5% NaCl), produce the disaccharides One can conclude that glycine betaine is only synthesized de novo by phototrophic bacteria and one extremely halophilic actinomycete Actinopolyspora halophila (Fig.  4) . This is the only heterotrophic eubacterium known to be capable of betaine synthesis from glucose. In the other heterotrophic eubacteria betaine is only found when they are grown on yeast extract-or choline-and/or betainecontaining media. Therefore, the ectoines (ectoine and hydroxyectoine) clearly represent the predominant solutes within the majority of heterotrophic halophilic strains grown aerobically on glucose-mineral media.
Separation and quantijication of organic osmolytes by HPLC
To quantify the constituents of the water soluble fraction of freeze-dried cells, we have used HPLC separation coupled with a refractive index detector. The suitability of this method for the separation of different classes of organic molecules is shown in Fig. 5 , which, taking Micrococcus halobius as an example, clearly demonstrates the great variability within the solute pattern depending on the carbon source used. Generally, strains able to grow on glycine betaine used this compound as the carbon and energy source as well as the sole compatible solute.
The cellular concentration of osmolytes was calculated on a dry weight basis (weight percent and molar content per g cellular dry weight) and the results from strains obtained from culture collections are presented in Table  2 . Of our own isolates only strain M52 is included in Table 2 because of its unusually high content of hydroxyectoine. In general, the other isolates from saline habitats showed similar solute patterns as those strains depicted in Table 2 . In addition, Table 2 gives an overview of the growth rates obtained on glucosemineral media. As high amounts of these solutes are required for further research into possible applications, these data are of importance for the possible selection of producer strains. Although halophilic heterotrophic aerobic eubacteria have been the objects of research for several decades (Rodriguez-Valera, 1988 ; Vreeland, 1987 ; Kushner, 1988; Kushner & Kamekura, 1988) , their mechanism of osmoadaptation has remained obscure. Neither inorganic ions nor organic molecules were detected in sufficiently high intracellular concentrations to balance the low external water activity. Based on extensive investigations into a large number of organisms isolated from different natural habitats and nearly all heterotrophic halophilic and anoxygenic phototrophic strains available from strain collections (see Tables 1 and 2) we are able to show that the ectoines are the predominant compatible solutes synthesized de novo by halophilic aerobic heterotrophic eubacteria, the majority of which belong to the Proteobacteria ( y subclass) or the Firmacutes (Table 1) . In addition, a number of halophilic Bacillus strains, which were not included in our study, also seem to be ectoine producers [ Muller, 199 1 , and personal communication (1 990)].
The advantage of NMR spectroscopy lies with its unambiguity in the detection of all relevant organic compounds. However, for the purpose of screening and quantification this method is less suitable. We therefore applied an HPLC method (Galinski, 1987; Galinski & Herzog, 1990 ) which allows the detection and quantification of uncharged solutes from different classes of compounds, such as betaines, carbohydrates, polyols, uncharged amino acids and N-heterocycles. Two limitations of the method have to be considered : first, charged osmolytes are not detected, and second a few substances of similar &-value are hard to distinguish unless a second solvent system is applied. Our NMR studies have shown that glutamate and fi-glutamate are the only relevant charged osmolytes and they are easily quantified by enzymic tests or amino acid analysis. Nevertheless, only the combination of NMR spectroscopy and chromatography assure a complete qualitative and quantitative characterization of the organic cellular solute content.
In our present work the amount of osmolytes was calculated on the basis of cellular dry weight. This decision was based on the following considerations. It was our aim to present an overview on the occurrence and distribution of compatible solutes in halophilic eubacteria. The cellular dry weight seemed to be a suitable reference as it is easily measured and reproduced. For biotechnological purposes, such as comparison of productivity, the amount of solutes per g dry weight can be easily expressed in terms of yield coefficients. On the other hand, volume determinations, which allow the estimation of intracellular concentrations, are very time-consuming because the determined cell volume is affected by the method applied, salt concentration, temperature or growth phase (Kubitschek, 1987; Stock et al., 1977) . A simple calculation based upon a dry weight/cytoplasmic water ratio of 1 : 0.8 (or higher) will provide an estimate for the intracellular concentration of compatible solutes: 1 mol (kg cytoplasmic water)-' minimum.
Compatible solute studies performed on marine and halophilic cyanobacteria (Mackay et al., 1984; Reed et d., 1986) have led to the proposal that the type of osmolyte employed reflects the salinity range suitable for the organism. Thus, the occurrence of betaine seemed to be typical for organisms of high salt tolerance. Glucosylglycerol reflected an intermediate salinity range and the use of sugars as osmolytes was mostly confined to fresh water and marine species.
This general principle also seems to hold true for anoxygenic phototrophic bacteria, but further compounds which have so far not been detected in cyanobacteria must also be considered. Examples are the glutamine derivative N-acetyl-glutaminylglutamine amide (Fig. 3) , which has also been reported from the non-halophilic Rhizobium meliloti (Smith & Smith, 1989) under salt stress and carbamoyl glutaminamide in E. marismortui (Galinski & Oren, 199 1) . The most remarkable difference, however, is the ability of anoxygenic phototrophic bacteria to synthesize and accumulate ectoine, a compound which has not been found in cyanobacteria in molar concentrations. This solute was originally detected in and, hence, named after the genus Ectothiorhodospira (Galinski et al., 1985) , but has now proved to be the predominant compatible solute of he terotrop hic halop hilic eu bacteria.
With the exception of A . halophila, heterotrophic halophilic eubacteria are apparently unable to synthesize glycine betaine de nouo, whereas in most cases they showed high rates of synthesis of ectoines. Surprisingly, these tetrahydropyrimidines were also identified in a non-halophilic Streptomyces paruulus strain (Inbar & Lapidot, 1988) and it seems possible that biosynthesis of these compounds is more common in non-halophilic eubacteria than is currently believed. The biosynthetic pathway of ectoine branches off the metabolic route forming amino acids of the aspartate family (Peters et at., 1990) and seems to be less complex than betaine synthesis .
According to the work presented here, the importance of betaine as an osmolyte has to be looked at more distinctively than before (Imhoff, 1986; Imhoff & Rodriguez-Valera, 1984) . Only in (extremely) halophilic phototrophic bacteria does betaine seem to be the main compatible solute, whereas de nouo synthesis in chemoheterotrophic eubacteria seems to be the exception.
The data available at present, including the results obtained for cyanobacteria lead us to propose the following principles.
(1) Eubacteria capable of haloadaption that gain energy from photosynthesis or oxygen respiration are able to accumulate and/or produce compatible solutes in molar concent rations.
(2) Betaine is very common as a compatible solute among phototrophic eubacteria, whereas, of all heterotrophic bacteria investigated, only Actinopolvspora halophila and a related isolate were capable of betaine synthesis from simple carbon sources like glucose.
(3) All eubacteria tested were able to accumulate betaine from the medium or use possible precursors like choline for betaine synthesis.
(4) Ectoine, originally detected in minor concentrations in anoxygenic phototrophic bacteria, is the predominant compatible solute of heterotrophic halophilic aerobic bacteria grown on glucose-mineral media.
( 5 ) Hydroxyectoine, found in heterotrophic eubacteria, seems to be more common and present in higher concentrations among Gram-positive representatives.
(6) Solutes occurring in minor concentrations (< 1 M) are glutamate, Y-glutamate, alanine, sucrose, trehalose, glucose, glycosylglycerol, N-acetyl-glutaminylglutamine amide, carbamoylglutamine amide and other yet unidentified compounds.
(7) More than one osmolyte can contribute to the cellular solute pool. The proportion of solutes varies with respect to media composition and growth conditions. (Table 2 ; Wohlfarth et al., 1990) .
(8) Some strains were found to accumulate compatible solutes but were not capable of ectoine or betaine synthesis .
We are well aware of the fact that the experimental design for our, and possibly other screening procedures influences the type of organisms selected. Standard enrichment media usually contain high concentrations of carbon source and therefore select for organisms of high growth rate and good colony forming abilities. Design of more unusual screening techniques such as, for example, continuous culture for the enrichment of strains with high substrate affinity may well present us with a new range of organisms which do not conform with the discussed concept.
The typical sampling sites for this study, however, were solar salterns and hypersaline soils which are characterized by a high organic carbon content. Therefore, we believe that our screening results reflect a fairly true picture of the microbial populations of these biotops.
The stabilizing effects of osmolytes such as glycerol and sugars on enzymes and whole cells was well known long before the term compatible solute was introduced. Subsequently, enzyme protection has also been demonstrated for glycine betaine (Pollard & Wyn Jones, 1979) and, more recently, for the novel ectoines, which have attracted considerable attention due to their remarkable protection against heat, freezing and drying (Lippert & Galinski, 1992) . It is therefore justified to assume that compatible solutes in general have protective properties and may well find an application in enzyme technology. Ectoines, especially hydroxyectoine, which has two asymmetric carbon atoms, are difficult and costly to synthesize chemically. Biotechnological production is presently the only means to supply material for further experimental research. Our screening programme, therefore, also served the purpose of providing potent producer strains for these interesting compounds.
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